[1] We present a comprehensive survey of 125 small-and intermediate-sized interplanetary magnetic flux ropes during solar cycle 23 (1995-2005) using Wind in situ observations near 1 AU. As a result, we found the following: (1) The annual number of small-and intermediate-sized interplanetary magnetic flux ropes is not very sensitive to the solar cycle, but its trend is very similar to that of magnetic clouds (MCs). 
Introduction
[2] Magnetic clouds (MCs) are an important subset of interplanetary coronal mass ejections (ICMEs), which are interplanetary manifestations of transient events with large amounts of material ejected from the solar atmosphere [e.g., Hundhausen, 1998; Kahler, 1988] . A MC was originally defined empirically in terms of in situ spacecraft measurements of magnetic fields and particles in the interplanetary medium at $1 AU, viz., it has the following necessary properties: (1) the magnetic field direction rotates smoothly through a large angle during an interval of the order of 1 day; (2) the magnetic field strength is higher than average; and (3) low proton temperature compared to the ambient proton temperature [Burlaga et al., 1981 Burlaga, 1995] . MCs, as a kind of large-scale interplanetary magnetic flux rope (IMFR) structure [Goldstein, 1983; Burlaga, 1988; Lepping et al., 1990; Farrugia et al., 1995; Burlaga, 1991] , have been investigated and studied by many authors for decades. Some authors found that expansion is a common feature of MCs in the heliosphere, namely the radial size of MCs increases with radial distance from the Sun [e.g., Burlaga and Behannon, 1982; Bothmer and Schwenn, 1998 ]. The diameters of MCs are about 0.20 to 0.40 AU near the Earth. Some authors searched for the solar origin of the MCs [e.g., Smith and Phillips, 1997; Bothmer and Schwenn, 1998; Leamon et al., 2004; Mandrini et al., 2005a] and offered evidence that MCs are the interplanetary manifestations of coronal mass ejections (CME). Bothmer and Schwenn [1996] have examined shock events measured by the Hellos 1 spacecraft during the years 1979-1981 for which the associated CME has been directly observed with the coronagraph onboard the P78/1 satellite. They found that 41% of interplanetary manifestations were magnetic clouds. Some other researches focus on the identification of configuration and boundaries of MCs. For example, identified the cloud axis by minimum variance analysis (MVA) and flux rope fitting (FRF); Hu and Sonnerup [2002] obtained the axial orientation on the basis of the Grad-Shafranov equation; Riley et al. [2004] identified the cloud configuration with MHD simulation; Wei et al. [2003] defined the magnetic cloud boundary as a boundary layer formed through the interaction between the magnetic cloud and the ambient medium ; Feng et al. [2006] identified the magnetic cloud boundaries in terms of the flux rope configuration of MCs. In addition, geoeffectiveness of the MCs is another concern [e.g., Wu and Lepping, 2002; Hidalgo, 2003; Zhang et al., 2004] . Wu et al. [2000] studied the interactions between MCs and the magnetosphere and found that the position of the bow shock oscillates quickly in the Sun-Earth line direction during the MCs passage. It is well known that MC is one of the main sources of intense magnetic storms [Echer and Gonzalez, 2004] .
[3] In addition to large-scale MCs, Moldwin et al. [2000] found evidence for the existence of small-scale IMFRs (with duration of $1 hour) at 1 AU. These small magnetic structures are similar to MCs, and their structures can be fitted with constant-alpha (where J = aB), force-free, cylindrically symmetric flux ropes of low plasma beta. Moldwin et al. [2000] suggested that these small IMFRs do no originate from the coronal region, instead, the small IMFRs could result from magnetic reconnection at the heliospheric current sheet. The evidence for this argument include as follows: (1) No intermediate-sized events (durations of several hours) have been reported. (2) There is absence of expansion signature within the flux rope. (3) There is a difference in plasma characteristics such as the proton temperature compared to MCs. Recently, Feng et al. [2007] provided the size and energy spectrums of IMFRs, which include many small-and intermediate-sized interplanetary magnetic flux ropes. Small-and intermediatesized interplanetary magnetic flux ropes are defined empirically in terms of magnetic field at $1 AU in the solar wind. They have the following properties: (1) the magnetic configuration can be described approximately with constant a force-free flux ropes and (2) the durations are not more than 12 hours, and the diameters are usually less than 0.20 AU. Both small-and intermediate-sized interplanetary magnetic flux ropes and MCs are subsets of IMFRs, but they have different sizes. In order to succinctly describe small-and intermediate-sized interplanetary magnetic flux ropes, we will use small magnetic clouds (SMCs) to describe small-and intermediate-sized interplanetary magnetic flux ropes throughout this paper. One of the properties that define MCs is that magnetic field directions rotate smoothly through a large angle during an interval of the order of 1 day, therefore the time durations are usually as long as tens of hours with an average of $21 hours . For more than three decades, the studies of IMFRs concentrated on MCs with large structure, but there were few studies of SMCs. We expect that the study of SMCs would provide a new aspect to reveal some of the significant physical processes occurring in interplanetary space.
[4] In this paper, we undertake a comprehensive study of a solar cycle of SMC activity, which help demonstrates the general characters. We list 125 SMC events and give their statistical properties, and we also compare their statistical properties with that of MCs.
List
[5] For the present study, we use 1 minute averaged plasma and magnetic field data from Wind [Ogilvie et al., 1995] . The main data that we routinely use for the identification of potential SMCs are solar wind magnetic field observations in the GSE Cartesian coordinate system, where x is along the Earth-Sun line and points to the Sun, y points to the dusk in the ecliptic plane (opposing planetary motion), and z points to the ecliptic north pole. The reason is that smooth and slow rotation of the magnetic field is the essential character of IMFRs. Here we identify a SMC through the following steps: (1) The candidate SMC was selected by identifying the rotation of magnetic field direction and enhanced magnetic field strength (compared to the ambient medium) by eye; The rotations include bipolar signature, increasing slowly from minimum to maximum or/and decreasing maximum to minimum. For the potential events, y and z components always have obvious rotations; sometimes, the x component also has a rotation. (2) Then we use the geometric parameter of the flux rope to identify the possible events, namely we defined it as the magnetic field variation which can be fitted to the cylindrical constantalpha force-free field. When the difference between the model geometry and the observation data was larger than a criterion value ( ffiffiffiffiffi c 2 p = 0.3), the case was not considered as a flux rope. The deviation can be expressed by the minimum chi-square c 2 (see equation (2)). Last we identified 125 SMCs, which are listed in Table 1 . However, we do not rule out the possibility that we missed some events due to data gaps or noise.
[6] Using the model first established by Goldstein [1983] , we consider the constant alpha force-free field configuration an approximation for the SMCs, i.e., the SMCs can be described with Lundquist [1950] solution:
where J n is the n-order Bessel function, H = ±1 denotes the right and left handedness of the field twist, respectively, B 0 is the field intensity at the axis of the rope, and R is the radial distance from the axis. For a magnetic flux rope, if the axial vector (m) and the spacecraft trajectory (denoted by unit vector s) are given, one can set up the so-called rope coordinate system (l, m, n): m axis is along the rope's axis; the cross product m Â s is the n axis; the cyclic triad l, m, n forms a right-hand set. The flux rope configuration can be displayed in the rope coordinate system by measured magnetic fields. Notice that the profiles of all the three magnetic components depend on only d 0 /R 0 , where d 0 is the minimum distance between the spacecraft trajectory and the cloud axis, and R 0 is the rope's radius. If the spacecraft crosses near (or through) the axis, the l component is zero at the center and slowly increases to the maximum at the boundary, the m component is zero at the boundary and slowly increases to the maximum at the center, and the n component approximately keep a small value (or zero). If the spacecraft trajectory considerably departs from the axis, the profiles of the l and m component will not change, but the n component is a smaller value (not zero) at the boundary and slowly increases to the maximum at the center [Feng et al., 2007] . Lepping et al. [1990 Lepping et al. [ , 2003 and Moldwin et al. [2000] fitted MCs and small-scale IMFRs respectively using the method of Lepping et al. [1990] . We also fit SMCs here using this method, i.e., the least squares fit. Because of the great value of the x-GSE component of the solar wind velocity, the path of the spacecraft relative to the flux rope is almost parallel to the x-GSE direction [Hidalgo and Cid, 2002] . Combining the axial direction (i.e., by q A , f A the latitude and longitude of the axis, given with respect to the ecliptic plane), one can set up the rope coordinate system. Then the observed field (unit normalized) in the GSE coordinate system is transformed into the rope coordinates The code number of the SMC. The beginning of the SMC (UT). The Dt is duration of the event (h). The longitude of the rope's axis measured counterclockwise in an ecliptic coordinate system, where f A = 0°represents toward the Sun. The latitude of the rope's axis in an ecliptic coordinate system. The square root of the chi-square value. The ratio of the closest approach distance to the Radius. The diameter of the SMC (AU). The sign of the handedness of the rope. The average proton density for the SMC (cm À3 ).
n The average magnetic field magnitude for the SMC (nT).
that can be found through a series of iterations to finally reach the minimum chi-square:
where N is the number of field vectors (hour averages were used to fit MCs by Lepping et al. [1990] and minute averages were used to fit small-scale flux ropes [Moldwin et al., 2000] ; here we take N = 25, i.e., 25 share-averages, the duration of the SMC was divided into 25 equal shares), and the subscript c refers to the cloud coordinate, superscripts M and O refer to the model and observed fields. The least squares analysis can provid e axial orientation (q A , f A ) and d 0 /R 0 . On basis of the fitting axial orientation (q A , f A ), we can set up the final rope coordinate system. In the final rope coordinate system, a single least squares fit to B 0 (the field strength on the axis of the rope) is done. Namely the observed field (without normalizing) transformed into the final rope coordinates that can be found through variance B 0 to reach the minimum chi-square (similar to equation (2)). The more detailed descriptions can be found in the work of Lepping et al. [1990 Lepping et al. [ , 2003 . The fitting parameters of all the 125 SMCs are listed in Table 1 .
[7] The identification of boundaries of IMFRs has been an important problem in the investigations related to IMFRs, however, the boundaries of flux ropes are not always evident. We confirm the boundaries through the following steps: At first, the boundaries can be estimated using the rotation of magnetic field and enhanced magnetic field strength. Second, the orientation of the axis is confirmed using flux rope fitting, and the final rope coordinate system can be established by the obtained axial orientation. Last the interplanetary magnetic field data, which are measured in GSE coordinate and are converted into the final rope coordinate system. In the final rope coordinate system, the global structure of the flux rope can be displayed clearly and the boundaries can be easily identified. It is necessary to point out that in using this method a certain degree of subjectivity seems unavoidable. However, the estimated boundaries should not depart significantly from the actual rope boundaries. In the following paragraph, we will introduce an IMFR as example. The detailed description of this method is in the work of Feng et al. [2006] . Given the boundaries of SMCs, one can calculate the mean speed V, density N, magnetic field strength B in each of the SMCs. The identified front and rear boundaries, duration, mean density and magnetic field strength are also listed in Table 1 .
[8] The data of the interplanetary magnetic field of the 22-23 December 2002 SMC event are shown in Figure 1 (in the GSE coordinates). From top to bottom, the panels show the x, y, z components of the magnetic field (Bx, By, Bz), and the magnitude of the total magnetic field (Bt), respectively. As seen in Figure 1 , the total magnetic field magnitude begins to enhance at 21:04 UT on December 22 (denoted by the vertical solid line FB1), in which the smooth field rotations seem to begin, too. In addition, the total magnetic field magnitude decreases to a minimum at 01:03 UT on December 23 (denoted by RB1). So we take FB1 and RB1 as the potential front and rear boundaries to fit the potential SMC event. The fitting results display that the minimum chi-square c 2 = 0.0213, d 0 /R 0 = 0.04, and the axial direction is (q A = À16°, f A = 173°). On the basis of the fitting axial direction, the final rope coordinate system was established, and the interplanetary magnetic field data, which are measured in GSE coordinate and are converted into the final rope coordinate system (Figure 2 ). From Figure 2 one can find that there is an apparent flux tube profile between FB and RB. Around RB, the m component slowly increases to the maximum at RB, and the l component decreases to the minimum. So it is proper to identify FB and RB as the rope's boundaries.
[9] Once the boundaries were confirmed, we can fit the observed flux rope again. The new fitting results are that the minimum chi-square c 2 = 0.0201, d 0 /R 0 = 0.00, and the axial direction is (q A = À18°, f A = 175°). The transformed magnetic fields are shown by solid curves in Figure 3 . The dashed curves are the least squares fitting results of the constant alpha flux rope model based on the observed data. It can be found that the model fits well to the observed data except that the Bn component is only slightly mismatched. In addition, we can find that the fitting results are at close range with different selected boundaries. So the veracity of initially estimated boundaries is not important, one can select different potential boundaries to fit in an iterative manner.
Statistical Properties

Occurrence Rates
[10] The annual numbers of SMCs from 1995 to 2005 are given in Table 2 . In Figure 4 , we also show the occurrence rates of SMCs and MCs. The MCs have been identified using Wind data in the literature [Feng et al., 2007; Wu et al., 2007] and published on the Website of Wind MFI team http:// lepmfi.gsfc.nasa.gov/mfi/mag_cloud_S1.html. According to general expectation, the yearly number of MCs should increase from solar minimum to maximum. However, the statistical results reveal that the occurrence rates did not continuously increase from solar minimum to maximum. However, from Figure 4 , one can easily find that the trends of two sets of curves are very similar except for the maximum number of SMCs in 2002. This implies that both the MCs and SMCs originate from solar eruptions. And as for the high occurrence rate of SMCs in 2002, we cannot find the direct origin from the data of both solar and space spacecraft. The high occurrence rate of SMCs in 2002 may result from the specifically eruption conditions in the solar corona, where the SMCs are easy to produce. From Figure 4 we can see that not only for MCs, but also for SMCs there is a temporary clear decrease in the occurrence rate in 1999, and then the rate increases again in the following year. Actually the same phenomenon also occurs for ICME, and the unusually low occurrence rate in 1999 was first noted by Cane et al. [2000] . Then Cane and Richardson [2003] gave an explanation that the decline is associated with an increase of corotating high speed streams from low-latitude coronal holes and the restructuring of the near ecliptic solar wind in 1999. However, Wu et al. [2006] showed that the number of observed CMEs does not decrease in 1999, instead, it increases during the years 1996 to 2002. Gopalswamy et al. [2003] explains that the drought of ICMEs/MCs at and around 1999 is due to Figure 2 . Variation of magnetic field components in the rope natural system, coordinate system associated with primal fitting axial direction (q A = À16°, f A = 173°). FB and RB are identified front and rear boundaries, respectively. a migration of the sources of CME on the solar surface. The sources move to higher latitudes such that the associated ejecta will not reach the Earth. In general, the number of the CMEs observed at low solar latitude has a good correlation with the number of ICMEs/MCs observed at 1 AU. Therefore the decline of occurrence rates of SMCs in 1999 may be related to the solar activity. In addition, from Figure 4 we can find that the number of SMCs was much larger than that of MCs as well.
Average Properties of SMCs
[11] Table 2 lists the average properties of the SMCs and their variation as a function of years. Average speeds of the individual SMCs varied from 289 to 790 km s À1 with a mean value of 420 ± 86 km s
À1
. The annual average speeds are higher around solar maximum and lower around solar minimum. However, there is no continuous increase from solar minimum to maximum. Figure 5 shows a histogram in 50 km s À1 bins for the average speeds V (derived from the protons only). Most SMCs were found to have a propagation speed similar to that of typically slow speed (300 -500 km s À1 ) solar wind. Only a few SMCs had speeds comparable to the typically high (700 -800 km s À1 ) speed solar wind. The peak of the speed distribution in Figure 5 lies in the range 400-450 km s À1 . The distribution for average speed of SMCs is similar to that of MCs, which were obtained using the Helios data for the period 1974 -1981 by Bothmer and Schwenn [1998] . However, unlike the MCs that have decreasing velocity profiles, the velocity profiles in SMCs are always flat (i.e., no expansion) and consistent with the immediately surrounding solar wind. For a few events, there are some fluctuations in the velocity curves.
[12] The averaged magnetic field strength of the SMCs varies from 2.2 to 21.8 nT with a mean value of 8.1 ± 3.1 nT. In contrast with the averaged magnetic field strength (12.9 nT) of the MCs, which is derived from the Wind observations for the years 1995 -2003 [Wu and Lepping, 2007 , the averaged magnetic field strength of the SMCs is small. However, the averaged magnetic field strength of the SMCs is larger than that of the averaged solar wind (6.1 nT), which is derived from Wind observed solar wind data for the years 1996 -2003 [Gopalswamy, 2006] . An IMFR usually has an enhanced magnetic field strength, and an MC, as a larger-scale flux rope, usually has a higher magnetic field strength. So it is not surprising that the Figure 3 . Variation of magnetic field components in the rope natural system coordinate system associated with fitting axial direction (q A = À18°, f A = 175°) and the flux rope fitting curves (dashed curves). FB and RB are identified front and rear boundaries, respectively. averaged magnetic field strength of the SMCs is less than that for the MCs, but larger than that of the background solar wind. The distribution of the averaged magnetic field strength for SMCs is also shown in Figure 6 . It can be seen that for most cases the averaged magnetic field strength is between 4 to 12 nT, while there are only 18 SMCs with an averaged magnetic field strength out of the interval.
[13] The average densities of SMCs varied from 1.7 to 30.7 cm À3 with a mean value of 10.3 ± 5.8 cm
À3
, which is slightly more than the average density for MCs (9.4 cm À3 ) [Wu and Lepping, 2007] . The proton density in MCs is consistently lower than the ambient solar wind, but the density changes very little across SMCs. We suggest that SMCs also have lower density originally. However, the magnetic field is weaker inside SMCs, and the ion gyroradius is larger. So the densities in SMCs easily diffuse and mix with the ambient solar wind during their propagation in the solar wind.
Diameter Distribution of SMCs
[14] On the basis of the model fitting, the ninth column of Table 1 gives the calculated diameters of these SMCs. The distribution of the diameters for the SMCs is shown in Figure 7 . One can find that most diameters of SMCs are much smaller than that of MCs (0.2 -0.4 AU) [Burlaga, 1988] . The peak of the distribution lies from 0.01 to 0.02 AU. Although the number of flux ropes for 0 -0.01 AU is smaller than that for 0.01 -0.02 AU, the rough trend of distribution shows that the occurrence rate of SMCs decreases with the diameter. There are Alfvénic fluctuations [Mariani and Neubauer, 1990] , shocks and other smallscale structures associated with large variations in the magnetic field direction [Marsch, 1991] in the solar wind. In addition, Alfvén waves and other small-scale fluctuations are likely to interfere with the identifications of small-scale flux ropes. So the number of identified flux ropes for 0.00-0.01 AU is smaller. [15] In this section we discuss the axial orientation for the 125 SMCs. Both SMCs and MCs are magnetic flux ropes, if they all come from the CME eruptions, they may have similar statistical results. The frequency distribution of the fitted longitude orientations is shown in Figure 8 . For ease of comparison with other previous statistical results of MCs, all longitudes greater than 180°had 180°subtracted to force all cases falling in the first two quadrants. From Figure 8 we can find that the distributions of axial longitude are scattered and have no obvious tropism, which is in agreement with the statistical results of MCs shown in Figure 7 of the work of Lepping and Berdichevsky [2000] and also in agreement with Figure 4 of the work of Marubashi [2000] . However, the latitudinal distribution of the axial orientations has a directional tendency that, as can be seen in Figure 9 , the cases with small latitudinal inclinations dominate the distribution. From Figure 9 , we can find that the latitudes were predominantly within ±50°, and the distribution is Gaussian like. Lepping and Berdichevsky [2000] showed the similar results for MCs. Therefore we demonstrate that the axial orientations of the SMCs and MCs have a similar character.
Axial Orientation of SMCs
Conclusions and Summary
[16] In the past more than two decades, there are a number of investigations for large scale flux ropes (viz. MCs; see section 1). However, there are only a few of studies in the literature for SMCs. Previously, Moldwin et al. [2000] reported several events. In this paper, we undertake a comprehensive study of SMC, and we also compared [18] 2. Average speeds of the individual SMCs varied from 289 to 790 km/s with a mean value of 420 ± 86 km/s. Like MCs, most SMCs were found to have a propagation speed similar to that of typically slow (300-500 km/s) solar wind; only a few events had speeds comparable to the typically high (700 -800 km/s) speed solar wind.
[19] 3. Average magnetic field strength of the individual SMC varies from 2.2 to 21.8 nT with a mean value of 8.1 ± 0.3 nT, which is less than the average magnetic field strengths of MCs, however, the mean value is larger than that of the background solar wind.
[20] 4. For both the SMCs and MCs, the distributions of axial longitude are scattered and have no obvious tropism, however, the distributions of axial latitude have a prominent tropism and were predominantly within ±50°.
[21] These similar characters may imply both the MCs and SMCs originate from solar eruptions, like MCs are interplanetary manifestations of ordinary CMEs, the SMCs are the interplanetary manifestations of small coronal mass ejections produced in small solar eruptions. In fact, in a recent work, Mandrini et al. [2005a Mandrini et al. [ , 2005b have provided some direct evidence for a small eruption observed on the solar disc center linking to a SMC (no. 50 in Table 1 ). This evidence includes the timing, the same magnetic field direction and magnetic helicity sign in the coronal loop and in the rope, and comparable magnetic flux measured in the dimming regions and in the rope. In particular, the preto postevent change of magnetic helicity in the solar corona (the coronal magnetic helicity was estimated using Berger's [1985] model) is found to be comparable to the helicity content of the rope. It should be noticed that the SMCs have two obvious differences from MCs although they have similar (or relative) characters. One is the difference in proton density behavior. The proton density in MCs is consistently lower than the ambient solar wind but the temperature changes vary little across SMCs. The other one is the lack of apparent expansion of the SMCs, but MCs usually are still expanding at 1 AU. One possible explanation is that the magnetic field is weaker inside these smallscale structures, on the other hand, both density and temperature change very little across SMCs. Therefore SMCs are close to pressure balance with the surrounding solar wind, SMCs have no apparent expansion signature. Finally, it is necessary to point out that the present work cannot absolutely exclude the possibility of the interplanetary origin of SMCs, although this study interprets the ''different but similar'' characteristics of SMC and MC as suggesting a common source mechanism, there are differences that aren't readily explained. Perhaps, SMCs have two formation mechanisms: some are small-scale CME and others have an interplanetary origin. However, currently it is difficult to distinguish between the two formation mechanisms and further observations are needed.
